We analyse in detail the supersymmetric contributions to the decay of an extra Z boson in effective rank 5 models, including the important effect of D-terms on sfermion masses. The inclusion of supersymmetric decay channels will reduce the Z ′ branching ratio to standard model particles resulting in lower Z ′ mass limits than those often quoted. In particular, the supersymmetric parameter space motivated by the recent Fermilab eeγγ event and other suggestive evidence results in a branching fraction B(Z ′ → e + e − ) ≃ 2 − 4%. The expected cross sections and branching ratios could give a few events in the present data and we speculate on the connection to the three e + e − events observed at Fermilab with large dielectron invariant mass.
I. INTRODUCTION
Low energy supersymmetry provides the most successful solution to the naturalness problems which plague the standard model (SM). This has led to an extensive study of the experimental consequences of low energy supersymmetry in the literature and the next generation of colliders will explore a substantial fraction of the supersymmetric parameter space. If superstring theory is assumed to be the underlying fundamental theory at the Planck scale, then not only is it responsible for low energy supersymmetry, but the possibility exists that the SM gauge group may be larger at the TeV scale. This is because a consistent string theory requires large gauge groups (E 8 ×E 8 or SO (32) ). Depending on the particular compactification scenario, the resulting low energy N=1 supersymmetric theory often has a gauge group with rank larger than four.
The simplest possible extension of the SM gauge group suggested by a gauge group of larger rank involves the introduction of one extra U (1) factor. This produces an extra neutral gauge boson, Z ′ , in the particle spectrum. The low energy phenomenology of Z ′ bosons has been extensively discussed in the literature (see [1] and references therein). Recently, particularly strong motivation for having the mass of the Z ′ below a TeV has been emphasized by Cvetic and Langacker [2] . However, most analyses of Z ′ physics do not discuss supersymmetric contributions in detail. In this work we will examine the supersymmetric decay channels of the Z ′ boson, including decays to neutralinos, charginos and supersymmetric Higgs bosons which are normally neglected. Our analysis will also include D-term corrections to the scalar masses which can have appreciable effects and are also not normally included 1 The supersymmetric particle spectrum will be calculated by choosing typical values for soft masses and parameters which are consistent with recent suggestive evidence [5] for supersymmetry, such as the eeγγ event at the Fermilab Tevatron [6] . We prefer to focus on this region of parameters rather than survey the entire parameter space. This will lead to representative values of the Z ′ branching fractions in the presence of low energy supersymmetry. If a Z ′ exists then our analysis will provide a more realistic context in which to experimentally search for these particles.
The outline of this paper is as follows: We begin in Sec. II by systematically writing down all the supersymmetric Lagrangian terms relevant for Z ′ boson decay in effective rank 5 models. Using these terms we will derive the decay widths including the phase space factors. A parametrisation of D-term contributions to the supersymmetric scalar masses in effective rank 5 models is also briefly discussed and we comment on possible radiative U(1) ′ symmetry breaking scenarios. In Sec. III we present a generic set of branching fractions for various Z ′ models. Using these values we show that the Z ′ mass bounds from direct limits at Fermilab are lower than those normally quoted. Final comments and the conclusion will be presented in Sec. IV. An Appendix also follows which summarises the mass contributions for sfermions and Higgs bosons.
II. Z ′ DECAY MODES WITH LOW ENERGY SUPERSYMMETRY
The low energy theory resulting from the breakdown of extended gauge groups can include additional gauge bosons in the spectrum. Since the grand unified gauge group E 6 has rank 6 and the SM gauge group has rank 4 there can be at most 2 additional gauge bosons. For simplicity we will consider an effective rank 5 low energy theory with only one additional gauge boson associated with an extra U(1) and parametrised by
where θ is a mixing angle and (i) Z ψ occurs when E 6 →SO(10)×U(1) ψ , (ii) Z χ occurs when SO(10)→SU(5)×U(1) χ . The orthogonal combination to (1) is assumed to occur at the intermediate or Planck scale. When E 6 breaks directly to a rank 5 group (SM × U(1) η ) as in superstring inspired models via Wilson line breaking [7] , the extra Z boson is denoted Z η ≡ 5/8 Z ψ − 3/8 Z χ . We will also consider the model with θ = η − π/2 which will be referred to as Z I . This model occurs when E 6 breaks to SU(6)×SU(2) I and is orthogonal to the η model.
There are two types of mixing that can occur between the SM Z boson and an extra Z 
where C f = 1(3) for leptons (quarks) [1] . The Lagrangian describing the interaction of the Z ′ with sfermions is given by
where the +(−) is for left (right) handed sfermions respectively. The decay rate for Z ′ decay to sfermions is calculated to be
where the colour factor C f is defined as in the fermion case and mf L,R is thef L,R sfermion mass. In the case of non-negligible sfermion mixing (such as the top squark) we must work with the Lagrangian in the mass eigenstate basis
wheref 1,2 denotes the mass eigenstates (see Appendix). The decay width is similiar to (14) with the appropriate couplings from (15) , except that the phase space factor in the case of different mass decay products is [1 − 2(m
D-term contributions to scalar masses
In general, breaking the U(1) ′ gauge symmetry with Higgs field vevs contributes to sfermion masses via U(1)
′ D-terms in the scalar potential [12] [13] [14] [15] 4] . Depending on the number of Higgs fields which are used to spontaneously break the gauge symmetry the contribution to the scalar mass squared term has the form
where the sum is over all Higgs fields which obtain vevs, (recall that
. If in the pure rank 5 or η model the U(1) ′ symmetry is broken using only one SM U(1) ′ singlet, then the D-term contribution to the scalar mass squared may be written
120
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However in the effective rank 5 models which are parametrised by the angle θ, there are also orthogonal D-terms which come from breaking the extra U(1) ′′ at an intermediate or Planck scale. Since these orthogonal D-terms terms can raise the sparticle mass spectrum to energy scales much greater than a TeV, we will assume that their contribution is negligible. This can be achieved by using a mirrorlike pair of U (1) ′′ charged SM singlets with charges of opposite sign to ensure D ′′ -flatness. This amounts to assuming degeneracy of the mirrorlike Higgs soft masses at some high energy scale. Thus in the effective rank 5 models the D-term contribution to the scalar masses (assuming again that U (1) ′ is broken by one SM singlet) becomes
In the special case of E 6 breaking directly to a rank 5 gauge group we obtain the η model and recover the result (17) . The D-term contributions to the sfermion masses are listed in the Appendix. Note that the exotic superfields in the 27 will also contribute fermions and sfermions. However we will assume that these particles are heavier than the Z ′ mass and do not contribute to the Z ′ decay width.
B. The Higgs sector
The scalar Higgs doublets required for the spontaneous breakdown of the electroweak symmetry can be associated with the scalar doublet components of the superfields H and H c . In addition, the scalar component of the superfield S c is an electroweak singlet Higgs boson which is used to break the U(1)
′ gauge symmetry and give mass to the Z ′ . We will denote these Higgs bosons by
where Φ 1,2,3 are the scalar components of H, H c , and S c respectively. In the ground state the vacuum expectation values (vev) of the Higgs fields will be denoted by φ 0 i = v i / √ 2 where i = 1, 2, 3. Note that only one generation of scalar doublets receive vevs. There are also scalar Higgs fields associated with the other two generations. These fields are referred to as "unHiggs" because discrete symmetries can be used to make sure that these other two generations of scalars do not acquire vevs [1, 16] . While we can treat the vevs v i as phenomenological parameters it is also interesting to examine the consequences for effective rank 5 models if we assume that a radiative mechanism is responsible for breaking the U (1) ′ gauge symmetry. This is similiar to the analysis done by Cvetic and Langacker [2] where it was shown that it is possible to achieve an M Z ′ /M Z hierarchy for general string models, without excessive fine tuning provided M Z ′ < ∼ 1TeV (see also [17] ). We will consider the case of grand unification with effective rank 5 models parametrised by (1) . If the radiative breaking of U (1) ′ is due to one SM singlet and the superpotential contains a term W = λΦ 1 Φ 2 Φ 3 , then at low energies we will assume that the scalar potential for the neutral Higgs bosons has the form
where m 1 , m 2 , m 3 are the soft supersymmetric Higgs masses and A λ is a soft trilinear parameter. Given that v 2 = v 1 tan β, the minimum of the potential (20) occurs at
where we have neglected the corrections from the potential terms involving λ. The matrix elements of the Z − Z ′ mass mixing matrix become
If tan β = 0 and m 2 1 < 0 then the above expressions agree with those in [2] . In order to achieve a reasonable hierarchy between M Z and M Z ′ for negligible Z − Z ′ mixing φ we must have v Note also that v 3 → ∞ when the charge Q
The condition Q ′ 3 = 0 actually occurs when θ = π/2 and signifies that there is no minimum to the assumed form of the potential (20) , since the stabilising quartic term is proportional to Q ′ 3 2 (of course, at the value θ = π/2, φ 0 3 can no longer break the U(1)
′ gauge symmetry). Clearly there is a limit to how big one can tolerate v 3 in the above scenario and this will have consequences for the D-term contributions to the squark and slepton masses (see next section).
Higgs decay modes
After symmetry breaking the physical and unphysical charged Higgs bosons are given by
where tan β = v 2 /v 1 and G ± is the charged Nambu-Goldstone boson which is absorbed by the W ± gauge boson. In the unitary gauge (G ± = 0) we will then obtain φ ± 1 = sin βH ± and φ ± 2 = cos βH ± . The physical charged Higgs boson masses are obtained by diagonalising the mass mixing matrix given in the Appendix [1] , with the result
where A is the soft supersymmetry breaking parameter in the Higgs potential. The Lagrangian for the Z ′ coupling to the charged Higgs states H ± is
where
This gives rise to the decay widths
where m H ± is the mass of the H ± Higgs boson. This agrees with the result [18] in the limit
While the Z ′ boson has no direct couplings to the W-boson, the small mixing angle discussed earlier in Eq. (6) 
Recall that in the limit v 3 ≫ v 1,2 , the mixing angle (6) 
and so the width (32) in the equivalence theorem limit
Note that in (33) the Z −Z ′ mixing angle φ cancels the usual enhancement factor, M
W , that one normally expects in the equivalence theorem limit. Similarly, in the limit v 3 ≫ v 1,2 the equivalence theorem dictates that [18] 
In the neutral Higgs boson sector, the Higgs fields are written as
where φ Ri , φ Ii are the real and imaginary parts of φ 0 i . Of the six neutral Higgs degrees of freedom, two (G 0 , G ′0 ) will act as the Nambu-Goldstone bosons and will be absorbed by the Z and Z ′ . The remaining four degrees of freedom will become the physical neutral Higgs bosons which consists of three scalars, H 0 i=1,2,3 and one pseudoscalar P 0 . In the unitary gauge (G, G ′ = 0) we will obtain [20,21,1]
where N = v 
i decay width may be obtained in a similar manner to (30) and is given by 
then our results agree with those in the literature [18, 1] . Similarly, the Z ′ decay into scalar-pseudoscalar Higgs bosons is
where m P 0 is the mass of the pseudoscalar Higgs boson (P 0 ). The mass of P 0 is much easier to obtain in the exact limit. Using the mass matrix in the Appendix one finds that
If one again considers the limit v 3 ≫ v 1,2 and the mixing (43), then the decay widths for Z ′ → P 0 H 0 1,2 agree with the expressions obtained in [18, 1] .
C. The neutralino sector
In the E 6 models that we are considering there will be two extra neutralinos in addition to the four found in the minimal supersymmetric standard model (MSSM). An extra neutral gaugino comes from the extra Z ′ boson and an extra neutral Higgsino comes from the Higgs boson which is used to break the U(1) ′ gauge symmetry. In the interaction basis (−iB, −iW 3 , −iB ′ ,Φ 1 ,Φ 2 ,Φ 3 ), the 6 × 6 neutralino mass matrix is given by
where M 1 , M 2 , and M ′ are the soft gaugino masses forB,W 3 andB ′ , respectively. The supersymmetric Higgsino mass terms come from the trilinear superpotential interaction λΦ 1 Φ 2 Φ 3 which gives rise to a µ term with µ = λv 3 / √ 2.
2 The neutralino mass eigenstates (Ñ 1 ,Ñ 2 , · · · ,Ñ 6 ) are obtained by diagonalising the mass matrix (46). A general analytic formula for the neutralino masses does not exist. However, in certain limits such as v 3 ≫ v 1 , v 2 approximate expressions can be obtained [22] . Of course, one can simply diagonalise the mass matrix (46) numerically, and this will be done for the results in the next section.
In terms of the mass eigenstates (Ñ 1 ,Ñ 2 , · · · ,Ñ 6 ) we may parametrise the coupling between the neutralinos and the Z ′ boson as
where the coupling constants g ij are obtained from the diagonalisation of the neutralino mass matrix (46). The expression for the Z ′ decay width into neutralinos can be obtained using the Lagrangian (47). The decay widths are
where the m i refer to the neutralino masses. This agrees with the expression in [22] . The coefficients g ij will be determined numerically when we calculate the neutralino branching fractions in the next section.
D. Chargino sector
Since the Z ′ boson and the singlet Higgs S c supermultiplets are electromagnetically neutral they do not contribute any extra particles to the chargino spectrum. Consequently the chargino mass matrix remains the same as in the MSSM, namely
except that µ = λv 3 / √ 2 as defined above. The Z ′ can of course couple to the charged Higgsinos which leads to the chargino Lagrangian
whereC i are the chargino mass eigenstates and
In (51)- (56), φ ± are the angles of the unitary transformation matrices used to diagonalise the chargino mass matrix [23] and δ = n 1 n 2 , where n 1 = sgn(mC± 1 ) and n 2 = sgn(mC± 2 ). The Z ′ decay rate into chargino pairs is calculated from the Lagrangian (50) to be
In the limit that M Z ′ ≫ mC i the decay width (57) reduces to a form similar to the result (12) that was obtained earlier in the fermion sector.
III. Z ′ PRODUCTION CROSS SECTION AND BRANCHING FRACTIONS
At thepp Tevatron collider the Z ′ production mechanism is due to the Drell-Yan process. If the u and d quark couplings to the Z ′ are obtained from (9), then the expression for the Drell-Yan production differential cross section is [24] 
where y is the rapidity of the Z ′ in the AB c.m. frame, κ ≃ 1 + 8π 9
is the momentum fraction of q(q) in A(B) and q(x) is the quark distribution function. Similarly, the Z ′ production cross section at the planned 14 TeV pp LHC collider is also obtained from (58). In Fig. 1 ψ, χ and η models at both the Tevatron and the LHC are depicted. The slight variation in the cross section for each Z ′ model in Fig. 1 is due to the θ dependence of the quark-gauge boson couplings ( (10) and (11)).
Direct limits onpp → Z ′ → e + e − at the Tevatron can place a lower bound on the Z ′ mass depending on the value of the branching ratio B(Z ′ → e + e − ) [25] . In order to estimate the e + e − branching ratio in a supersymmetric framework, all possible decay channels (such as decays to sparticles) need to be included. While there are many unknown parameters in the supersymmetric standard model it is possible to constrain parameters by requiring consistency with other indirect studies of supersymmetric parameter space. For example, in the recent supersymmetric interpretation of the eeγγ event, the supersymmetric parameters µ, tan β, M 1 and M 2 are constrained [26] . The parameter ranges of these variables will in turn constrain the neutralino and chargino mass spectrum.
Similarly, by assuming typical ranges of supersymmetric parameters which are required, for example, in the constrained minimal supersymmetric standard model [27] the branching fractions of all possible decay modes can be estimated. In Table II we list the branching fraction of all possible Z ′ decay channels in various Z(θ) models for the following choice of supersymmetric parameters:
tan β = 1.5, µ = −50 GeV M 1 = 80 GeV, M 2 = 100 GeV, M ′ = 300 GeṼ m = 500 GeV, A = 500 GeV where we have assumed common scalar massm and A terms. In addition we also fix the Z ′ mass to be M Z ′ ≃ 700 GeV, which sets the scale for all the kinematically allowed decays. Thus, in Table II when the branching fraction B(Z ′ →f * if j ) = 0 it is because the squark and slepton masses are too heavy to be kinematically allowed. Similarly only the sufficiently light Higgs bosons, neutralinos and charginos are included. All exotic particles such as the vectorlike quarks are also assumed to be very heavy.
In Fig. 2 we show the squark and slepton masses including the D-term contributions. The general effect of the D-term contributions is to make the squarks and sleptons heavy since the scale of the D-terms is set by M Z ′ (or v 3 ). However, in Fig. 2 there are special values of the mixing parameter θ where the D-term contributions cancel and the squark and slepton masses become light. These are the only points that could be consistent with squarks and sleptons that would have appeared already at Fermilab [28] . Such sensitivities are very encouraging from the point of view of extracting information about new physics from limited data. Beyond these values the squared masses become negative and this signals the onset of charge and colour breaking minima. It may be possible that radiative corrections can stabilise the vacuum but the analysis of these corrections is beyond the scope of this paper. When the Z ′ mixing parameter θ approaches ±π/2 the squark and slepton masses become unacceptably large. This is because the D-term contribution to the scalar masses from v 3 (Eq. (18)) is ∆m ′ symmetry breaking potential of the form (20) one can exclude χ-like models (or regions near θ ≃ ±π/2) because the squark and slepton masses become large and negative leading to charge and colour breaking minima (where we have neglected radiative corrections).
As far as determining a lower Z ′ mass bound from collider experiments, the main consequence of accurately including all supersymmetric decay channels is that the branching fraction into leptons and quarks is reduced. This lowers the Z ′ mass bound from that normally quoted in the literature. The e + e − branching fraction from Table II is in the range 2 − 4%, where typically in non-supersymmetric models one obtains 3 − 6% [29] . If we use the direct limit from a recent combined analysis of CDF and D0 data (σ × B(Z ′ → e + e − ) ≤ 0.28 pb) [25] , then for the branching fractions listed in Table II we obtain M Z ′ > ∼ 360, 370, 360 GeV for Z I , Z ψ and Z η respectively.
The importance of various decay channels can be determined from how the branching fractions in Table II vary as a function of the Z ′ mixing parameter θ. This dependence is shown in Fig. 3 form = 500 and 1000 GeV. We have excluded the regions corresponding to negative squark and slepton masses which are near θ = ±π/2. As the soft mass parameter m becomes larger the charge and colour breaking regions shrink. Near the excluded regions (which correspond to Z η and Z I form = 500 GeV) the Z ′ branching fractions to squark and sleptons are maximised because their masses become light enough to be kinematically allowed. As θ → 0 the D-term corrections make the squarks and sleptons kinematically 
The Z ′ decay branching fractions as a function of the mixing parameter θ for a representative set of supersymmetric parameters as defined in the text. The excluded regions correspond to values of the squark and slepton masses that lead to charge and colour breaking minima. The lower figure hasm = 1 TeV inaccessible. A significant neutralino and chargino branching fraction occurs in models which are ψ-like (or θ ≃ 0). Specifically, decays to the lightest neutralino can be as large as 10% and this would contribute greatly to the Z ′ invisible width. As θ → ±π/2 the branching fraction to neutralino and chargino pairs gets smaller while the neutrino branching fraction becomes larger. Decays to Higgs bosons become non-negligible for θ < ∼ 0. One should also note that the branching fraction to leptons and quarks remains fairly constant. In particular the branching fraction to light quarks (u,c,d,s,b) is at most 0.45. Thus for light quarks σ × B(Z ′ →qq) ≃ 0.25pb where we have assumed m Z ′ ≃ 700 GeV. This is too small to be observable in the inclusive jet cross section. Note that the branching fraction to up quarks vanishes for Z I -type models. This is a consequence of the fact that the up-quark Z ′ coupling becomes zero.
It is also amusing to note that both CDF [30] and D0 [31] report events with dielectron invariant mass > ∼ 500 GeV and CDF also has a second event with invariant mass ≃ 350 GeV. If one assumes that these high energy events are due to the decay of a Z ′ boson, then given our range of B(Z ′ → e + e − ), this would correspond to a Z ′ mass m Z ′ ≃ 600 − 700 GeV. One would also expect these events to be backward, i.e. cos θ * < 0 where θ * is the angle of the outgoing e − with respect to the quark in thecentre of mass frame [29, 32] . In Fig. 4 we plot the forward-backward asymmetry, A F B as a function of the mixing angle θ.
A very large asymmetry is expected for Z I type models. It is tantalising that the two events reported by CDF with invariant masses of 350 GeV and 504 GeV have cos θ * values of -0.14 and -0.27 respectively [30] . If we require that the probability of observing two backward events be at least 1/e then one would need A F B < ∼ −0.2.
IV. CONCLUSION
We have examined in detail the supersymmetric contributions to the decay of an extra Z boson in effective rank 5 models parametrised by the angle θ, including the important effect of D-terms on sfermion masses. The supersymmetric particle spectrum was chosen so as to be consistent with other analyses such as the recent eeγγ event and the constrained minimal supersymmetric standard model. The main effect of including these contributions is that it reduces the Z ′ branching fraction into lepton pairs. This, in turn reduces the lower bound on the Z ′ mass obtained from direct limits at the Tevatron. While the Z ′ decay to neutralino and chargino pairs is always non-negligible, this is not necessarily the case for squarks and sleptons. When the squarks and sleptons are dominated by positive D-term contributions their masses can become very large and consequently they are no longer a kinematically accessible Z ′ decay mode. However for special ranges in parameter space the D-term contributions become negative and give rise to light squark and slepton masses. At these values the branching fraction of squarks and sleptons is non-negligible. As θ approaches ±π/2 various squark and slepton masses squared become negative leading to charge and colour breaking minima. Thus depending on the size of soft squark and slepton mass parameters, effective rank 5 models with regions of θ near ±π/2 produce unacceptably large D-term contributions. If one also assumes a U (1) ′ symmetry breaking potential (20) then it is possible to achieve a radiative breaking mechanism without any fine-tuning of the soft parameters. Finally, the forward-backward asymmetry of e + e − pairs becomes quite large at the Z I model and the two reported CDF events are consistent with models of this type. The measurement of A F B will provide an interesting test for Z ′ models at future colliders.
